Introduction
Human meibomian gland secretions (meibum) form the outmost layer of the tear film and inhibit tear evaporation [1] . WE are one of the predominant lipid types in human meibum and account for 40-50 % of total meibum lipids [2] [3] [4] [5] . A detailed knowledge of the identity and amount of WE isomers in human meibum will elucidate their role in tear film maintenance.
Quantification of WE composition in human meibum has been attempted using gas chromatography (GC) and/ or mass spectrometry (MS) [2, 3, [6] [7] [8] . The most comprehensive study was performed by Nicolaides et al. who initially separated WE from other meibum lipids, followed by hydrolysis, derivatization, and then quantification by GC with flame ionization detection (FID) using a series of fatty acid (FA) or fatty alcohol (FAl) standards as a Ref. [8] . Information regarding the overall FA and FAl content Abstract Wax esters (WE) are one of the predominant lipid types in human meibomian gland secretions (meibum) and account for 40-50 % of total meibum lipids. Recently, we managed to quantify 51 isomeric groups of intact WE in normal human meibum samples by direct infusion electrospray ionization mass spectrometry (ESI-MS), with each WE peak in the MS spectrum corresponding to one isomeric group (Chen et al, Invest Ophthalmol Vis Sci 54 (8) :5730-53, 2013). However, the information of the isomeric composition in each group was not obtained. In this study, tandem mass spectrometry (MS/MS) was applied to quantify relative amounts of these isomers using the intensities of the corresponding diagnostic ions after appropriate correction and normalization. This data was combined with the previous obtained mole fraction of each isomeric group to total WE in human meibum to determine the corresponding percentage of each isomer. A total of 23 of the most abundant WE peaks of different molecular weights (corresponding to 85.3 % of the total amount of WE) in human meibum were studied and resulted in quantification of 92 WE species. The quantitative information of composition of WE in human meibum will help better understand their role in the tear film.
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Recently, the development of atmospheric pressure ionization MS has allowed analysis of individual intact WE (without hydrolysis) by direct infusion or coupled with front-end separation including liquid chromatography (LC) or GC [2, 3, 6, 7, [9] [10] [11] [12] . Front-end separation enhances detection of individual components; however, the ionization efficiencies of components change during the separation due to continuous changes in experimental conditions (mobile phase composition in LC and temperature in GC). Additionally, GC is ineffective for analysis of many nonvolatile meibum species including polyunsaturated WE and very long chain WE [2, 3] . Therefore, it is more difficult to accurately quantify all meibum species with only a limited number of standards [3] using front-end separation. In contrast, direct infusion electrospray ionization (ESI)-MS analysis has several advantages including constant solution composition resulting in stable experimental conditions and the ease of performing tandem mass spectrometry (MS/ MS) on all peaks of interest, which permit correction of ionization efficiencies and identification of unknown lipids more readily [3] . This direct infusion method can be further divided into two subgroups: targeted and nontargeted. Targeted MS analysis focuses on only a limited number of expected species by monitoring their transits (precursor/ product ion pairs); therefore, many species are potentially missing [6] . We utilized nontargeted MS since it provides a more complete analysis of WE [3] .
More recently, we have successfully quantified intact WE of 51 different molecular weights (detected as sodium adducts), i.e., 51 isomeric groups of WE, via the nontargeted approach [3] . This was accomplished by adjusting the experimental conditions and instrument parameters so that ionization suppression was minimized, detection sensitivity was optimized and the ionization efficiency was only dependent on lipid class and saturation level while remaining independent of carbon chain length [3] . The quantities of these different molecular weight WE species sums up to account for 48 ± 4 % of the total lipid mass [3] . However, for each molecular weight, multiple WE isomers exist, including different FA/FAl combinations, different double bond positions, and the presence of straight or branched (iso or anteiso) chains. In this work, we focused on determining the different FA/FAl combinations of WE isomers.
We recently reported a method for relative quantification of isomeric species in WE of the same molecular weight based on the peak intensity of characteristic product ions resulting from the dissociation of their WE parent ions [13] . For the study presented here, we improved the method by including corrections for peak overlapping and normalization based on product ion type, resulting in a more detailed and accurate profile of WE in human meibum.
Experimental Chemicals
Chloroform (HPLC grade, >99.9 %, with amylene as the stabilizer, either Burdick & Jackson or Sigma brand), methanol (HPLC grade, >99.9 %, Riedel-de Haen) and ammonium acetate (>98 %, Sigma) were purchased from SigmaAldrich (St. Louis, MO, USA). Ten WE standards, behenyl palmitate, behenyl stearate, palmityl behenate, behenyl palmitoleate, behenyl oleate, arachidyl oleate, stearyl oleate, oleyl stearate, palmitoleyl behenate and oleyl oleate were purchased from Nu-Chek Prep (Elysian, MN) and SigmaAldrich (St. Louis, MO, USA). The shorthand notation for WE was the FA precedes the FAl connected with a slash (e.g., 16:1/18:0 for stearyl palmitoleate) [11, 14] .
Meibum Samples
The study protocol was approved by the Ohio State University IRB in accordance with the Declaration of Helsinki. Human non-dry eye meibum samples were collected from both eyes and sample preparation was carried out as described previously [11] . Briefly, meibum was collected in 0.5 μL × 32 mm glass microcapillary tubes and stored at −80 °C prior to MS and MS/MS analysis.
Electrospray Time-of-Flight Mass Spectrometry Analysis
A Quadrupole Time-of-Flight mass spectrometer (Waters Q-TOF II, Milford, MA, USA) was used for all analyses. All samples were prepared in glass vials with glass syringes (Hamilton, Reno, NV) or micro-dispensers (Drummond, Broomall, PA). Contact of sample solutions with any plastics except PTFE (syringe plunger tip) was avoided. Stainless steel tubing was used to connect the syringe to the mass spectrometer to minimize adsorption of impurities.
Stock solutions of WE standards were prepared by dissolving 2.1-24 mg of the WE in 1 mL chloroform/methanol mixture (2:1, by vol). The working solutions were prepared by 100 or 1000 fold dilution of this stock solution with chloroform-methanol mixture (2:1, by vol), with the final concentrations of these WE standards being 25-53 µM containing 1 % water and 1 mM ammonium acetate additive.
Meibum sample solutions were prepared similarly to a previously described method [3] . At the time of analysis, the meibum stock solutions were prepared in a chloroform-methanol solvent mixture (2:1, by vol) at an approximate concentration of 67 μg/mL. In this study, meibum from two individuals was analyzed. Eighteen tandem mass spectra were acquired with pooled samples of both eyes from one individual while the rest five spectra were acquired with meibum of one eye from the other individual. The final working solutions were prepared by diluting the stock solutions 5 or 10 fold with chloroformmethanol solvent mixture (2:1, by vol), containing approximately 6.7 or 13.4 µg/mL total lipids and 1 mM ammonium acetate additive.
The working solutions of lipid standards and meibum samples were directly infused into the mass spectrometer at a flow rate of 10-20 µL/min and detected in positive mode. The parameters of the mass spectrometer for acquisition of mass spectrum were as follows: cone voltage was set at 15 V; the source and desolvation temperatures were set at 100 and 150 °C, respectively; the capillary voltage was set at 3 kV. The instrument was calibrated with clustering ions of sodium iodide. Multiple cleaning cycles consisting of a series of three washes using methanol, chloroform/methanol (2:1, by vol) mixture, and chloroform, were performed to diminish carryover of the solutions. MS analysis was performed with a collision-energy of 5 eV to increase resolution without causing significant fragmentation. MS/MS analysis was performed with collision-induced dissociation (CID) on the isolated peaks of interest; high mass and low mass resolutions were set at 15 which gave unit resolution at 20 % peak height. In this work, a collision-energy of 20 eV was found optimum to yield high signal to noise ratio of diagnostic product ions with insignificant interference from nonspecific product ions. The acquisition time was typically less than 1 min for each lipid standard and 1-5 min for each precursor ion of interest of meibum samples depending on the precursor ion intensity. The spectra were smoothed twice with the Savitsky Golay method and centered based on the peak height.
Determination of the Relative Amount of Isomeric Species of WE
Each single m/z peak of WE detected during MS analysis of human meibum was typically composed of ions from isomeric WE of the same elemental composition. Therefore, tandem mass spectrometry (MS/MS) analysis of ions corresponding to the peak often yielded several sets of diagnostic product ions derived from each isomer (Fig. 1) [13] . The relative amounts of the WE isomers were determined from the corresponding set of diagnostic product ions, assuming the summed intensities of these ions was proportional to the total product ions and in turn the amount of the corresponding WE. [13] . To obtain more accurate quantitation of WE, two types of corrections were performed for these diagnostic product ions. These two corrections were: (1) monoisotopic diagnostic product ion peak of saturated WE (P s, m ) interfered with by the diagnostic product ions of the third isotopic peak of the corresponding monounsaturated WE (P mu, m+2 ); and (2) different ratios of the summed intensities for these diagnostic product ions to the total product ions.
The relative amount of each isomer in each group of WE of a particular m/z to the total amount of WE in meibum was determined. It was calculated by multiplying the relative amount of each isomer at a particular m/z (as described above) by our previously determined percentage of that isomeric group of WE (corresponding to a particular m/z, composed of multiple isomers) to the total amount of WE [3] .
Results

Corrections of Intensities for Peaks of Diagnostic Product Ion From Wax Esters to Determine Relative Amounts of Isomers
As shown in Fig. 2a , the monoisotopic diagnostic product ion peak of saturated WE (P s, m ) was often interfered with by the diagnostic product ions of the third isotopic peak of the corresponding monounsaturated WE (P mu, m+2 ). This is because the difference between their precursor ions, M s, m and M mu, m+2 , was less than 10 mDa, where the labels m and m + 2 indicate the monoisotopic peak (all carbon atoms in WE were composed of 12 C) or the third isotopic peak (all carbon atoms in WE were composed of 12 C except two were 13 C), respectively. For instance, the theoretical values of the monoisotopic peak of FA 18:0/FAl 24:0 and the third isotopic peak of FA18:1/24:0 with ammonium ion adduct are m/z 666.7122 and m/z 666.7033, respectively, and as a result the isolation of the former ion would also include the latter ion.
The correction was performed by subtracting the intensity of the third isotopic peak of the monounsaturated WE product ion (P mu, m+2 ) from the intensity of the monoisotopic peak of the saturated WE product ion (P s, m ). P mu and P s are the diagnostic product ions resulting from dissociation of the monounsaturated WE precursor ions M mu, m+2 and the corresponding saturated WE precursor ions M s, m (with the FA/FAl component composition differing only in saturation level), respectively. Fortunately, the theoretical 1 3 isotopic peak pattern of P mu derived from precursor ion M mu, m+2 (Fig. 2b) is different from that derived from M mu, m (Fig. 2c) , calculated using the combination of the isotopic peaks from the two complementary parts comprising the WE (Table 1) in a manner similar to the method previously described by Rockwood et al. [15] . Therefore, the intensity of the overlapping peak P mu, m+2 was determined using the intensity of one of its other isotopic peaks P mu, m or P mu, m+1 . Finally, the calculated intensity for P mu, m+2 was subtracted from the apparent intensity of P s, m to determine the actual intensity of P s, m (Fig. 2) .
The relative quantification of isomers for unsaturated WE based on diagnostic product ions is also influenced by the types of WE (presence or absence of a double bond in the FAl component). To account for the diagnostic product-ion intensity differences, the MS/MS spectra for a set of lipid standards with differing double bond locations were obtained and analyzed to determine the correction + from dissociation c of M m isotopic peak for ammoniated wax ester FA18:1/FAl26:0 is also shown. The percentages of each isomer with and without the correction were listed in (a). See the text for detailed "Discussion" factor necessary. To minimize the interference of contaminants, only fragment peaks with a relative intensity of more than 0.5 % of the most abundant peak were considered. The ratio of the sum of the peak intensities for the total product ions (including the ions of ammoniated and protonated molecules) to the diagnostic product ions, R = I total ions /I diag ions , was calculated for each standard. Similar ratio was found for the same type of WE, either unsaturated in the FA component only or in the FAl component only. For di-unsaturated WE with both the FA and FAl components unsaturated, the types of diagnostic product ions were the same as WE unsaturated in the FA component only; however, the ratio R was similar to those of WE with unsaturated FAl components only. The presence of a double bond in the FAl components may lead to a different fragmentation pathway which yields an increase in product ions other than the diagnostic product ions. Therefore, WE unsaturated in both FA and FAl components were grouped with WE unsaturated in FAl components only for R calculations but were quantified using the same diagnostic product ions as WE with unsaturated FA components ( Table 2) .
The relative amount of each isomer in unsaturated WE was calculated by using the following formula modified from a previous report [16] with inclusion of the normalization factor f (which is derived from R and described in detail below):
where a, b and c represent three types of unsaturated WE isomers with unsaturation in the FA component only, the FAl component only, or in both components (for di-and poly unsaturated WE), respectively; "i" represents any isomer of each type; j represents a specific isomer; I a (i), I b (i) and I c (i) represent the sum of the intensities of diagnostic ions considered for each isomer of types a, b and c (the diagnostic ions considered for a and c were three ions including [ ); Σ represents the sum of all isomers for each type of wax esters; f = R p /R ab , R ab and R p were R values for unsaturated WE in the absence and in the presence of double bond(s) in the FAl component, respectively.
Isomeric Composition of WE in Human Meibum
The relative amount of WE isomers contained at each of the 23 different m/z values that were present in MS spectra of human meibum were determined (Table 3) . Characteristic diagnostic ions for WE isomers generated from MS/ MS analysis were utilized to distinguish and quantify those species. Quantification based on the summed intensity of
, Table 1 The matrix that was used to determine theoretical relative intensities of the isotopic product ion [C 17 H 33 COOH 2 ] + peaks resulting from dissociation of the third isotopic precursor ion peak (M m+2 ) of ammoniated wax ester FA18:1/FAl26:0
The method is similar to the one previously described by Rockwood et al. [15] . Since the third isotopic precursor ion (M m+2 ) were composed of P m /N m+2 , P m+1 /N m+1 , and P m+2 /N m , the relative intensities of the monoisotopic, the second, and the third isotopic product ion [C 17 Table 2 The ratio of total ion intensity or total fragment ion intensity to the sum of diagnostic ion intensity, R 1 = I total ions /I diag ions or R 2 = I total fragments /I diag ions , for wax esters of different types
For WE unsaturated in both fatty acid (FA) and fatty alcohol (FAl) components, the diagnostic ions were the same as WE unsaturated in fatty acid components only, while the ratios (R 1 and R 2 ) were more similar to those determined for WE unsaturated in fatty alcohol components only. Therefore, they were quantified using the same diagnostic product ions as WE with unsaturated FA components only but grouped together with the WE with unsaturated FAl components only for R 1 The numbers in bold font indicate a change of isomer composition compared to the values with no correction the diagnostic product ions, with and without the corrections for peak overlapping and different types of diagnostic product ions of the isomers, were compared. Accurate quantitation of isomeric WE in the total amount of meibum WE was obtained by combining the relative amounts of isomers present at each specific m/z with the relative quantitation information we previously obtained for WE at 23 different m/z values. In total, 92 WE species were identified and quantified (Tables 3, 4; Fig. 3 ).
The FA ( Fig. 4 ; Table 5 ) and FAl ( Fig. 5 ; Table 6 ) components of WE in human meibum were compiled from the quantities of these 92 WE species (Table 3 ). The resulted composition was consistent with the report by Nicolaides et al. [8] using the gas chromatography method which is known to work robustly for quantifying these components after saponification and derivatization. The consistency supports the validity of our method to quantify intact WE in human meibum.
Discussion
Performing relative quantification of isomeric WE based on their diagnostic product ions has been reported previously for electron ionization (EI) and chemical ionization (CI) MS analysis of WE [16] [17] [18] [19] . In the present work, the method of relative quantification of isomers is extended to ESI-MS analysis of WE. One advantage of the direct infusion mass spectrometry method over the LC-MS method is that the concentration of the ion of interest is constant instead of on-the-flight, which allows sufficient time to acquire high quality MS/MS spectra of the precursor ions [20] that can be utilized for reliable quantification. Two additional corrections were performed to increase the reliability of the quantification: one for peak overlapping from interfering peaks with diagnostic product ion peaks of saturated WE and another to normalize for the effect of double bond(s) location(s) on fragmentation behavior in unsaturated WE. There are also other interferences for relative quantification of WE isomers in human meibum; however, these interferences are negligible. See more detail below.
Note sodium iodide was used as the additive to convert different adduct forms to only one sodiated form and thus simplified the spectra in our earlier study [3] ; however, sodiated wax esters are difficult to dissociate compared to ammoniated wax esters, and thus ammonium acetate was used as the additive in this work. Since in this work only isomeric composition was experimentally determined based on the corresponding product ions of the isomers, it was not necessary to use as low concentration of meibum lipids as possible to minimize the chain length effect. A relatively higher concentration of meibum lipids and ammonium acetate additive were used in this work which promoted the formation of one dominant ammonium adduct form.
Corrections for Isomer Composition Determination
Since intensity of saturated WE (M s ) ions was typically much lower than that of the corresponding monounsaturated WE (M mu ) ions in human meibum, the overlapping for saturated WE apparently could not be neglected. With FA18:1 being the predominant moiety in monounsaturated WE, the most significant overlapping occurred to FA18:0-based saturated WE (Fig. 2) . The relative change for the percentage of these FA18:0-based WE in each group of WE of the same elemental composition increased by 22.7-57.1 % (an average of 37.1 %) without the correction compared to with corrections (Table 3) . However, as the FA18:0-based WE components in each isomeric group of saturated WE were typically less than 10 %, the absolute difference of the percentages of isomers in each group between with no correction and with the correction ranged only from −5.3 to 6.8 % (Table 3) . Moreover, since each isomeric group of saturated WE accounted for less than 3.5 % of total WE, the difference of the percentages of each isomer to the total amount of WE between with no correction and with the correction was even less and in the range of −0.11 to 0.14 % ( Table 3) . The other correction is for the product ions resulted from different types of isomeric precursor WE ions. The assumption for the quantification of isomeric components based on product ions is that the ratio of the summed intensities for these product ions to the total product ions is constant, and therefore, the summed intensities of these diagnostic product ions is proportional to the amount of the precursor WE ions. The assumption of a constant ratio is reasonable when the dissociation pathways are the same; however, the ratio will change if the dissociation pathways are different and in fact, dissociation pathways differ depending on the types of WE [13] . As a result, normalization needs to be performed when different types of WE are present. Depending on whether the FAl component did or did not contain a double bond in the FAl component (for instance, WE44:2 mixture contains two isomers WE18:2/26:0 and WE18:1/26:1), isomers of unsaturated WE in human meibum yielded different types of diagnostic product ions. When the double bond was located in the FAl component, the product ions in the low m/z region were of higher intensity [13] , and consequently the intensities of diagnostic product ions were lower.
Therefore, in contrast to significant overlapping for saturated WE, the correction for diagnostic product ions was only applicable to unsaturated WE. Since most of the monounsaturated WE in human meibum were unsaturated in the FA moiety (more than 90 % and an average of 97 % without the correction) and the correction factor was only 1.5 for the two types of WE (Table 2) , the correction did not make significant changes for monounsaturated WE. The percentage of monounsaturated WE with unsaturation in FAl moiety in each group of isomeric WE increased by as high as around 33 %, with the correction compared Fig. 3 The relative abundance distribution of the top 50 most abundant wax ester species in total wax esters from human meibum. Error bars indicate one standard deviation Fig. 4 The relative abundance of the major fatty acid components in human meibum wax esters as determined by: a nontargeted analysis of intact wax esters in this study; b analysis of fatty acids in wax esters after saponification by Nicolaides et al. [8] . The "other" of the small pie chart in b includes 11 other componentseach less than 0.25 % with 0.35 % remaining unidentified. The data in b was summed from the percentages of fatty acids with the same elementary composition including normal, iso-and anteiso-as well as differing double bond positions. The composition in b was determined after saponification while in a the composition was determined from intact WE to without corrections (Table 3) . However, as this type of monounsaturated WE in each group was typically less than 10 %, the difference of the percentages of isomers in each group between with no correction and with the correction were only 0 to −4.5 % ( Table 3) . The difference of the percentages of each isomer to the total amount of WE between with no correction and with the correction was even less and in the range of −0.16 to 0.09 % (Table 3) . Di-and polyunsaturated WE account for more changes; however, the difference of the percentages of each isomer to the total amount of WE between with no correction and with the correction ranged only from −0.47 to 0.53 % ( Table 3) . Quantification of WE with the additional corrections used in the present work offers a more accurate determination of the composition of WE. Relatively small absolute changes in the mole fractions were found for many individual WE as well as the FA and FAl components in these WE when comparing with and without corrections ( Tables 5,  6 ); however, relatively great changes in the mole fraction (more than ±0.35 % and up to 1.38 %) were observed for some species after the corrections (Tables 3, 7) . To have a better understanding of the role of WE in the tear film, it is recommended to perform these corrections when quantifying meibum WE.
Other Negligible Interferences for Relative Quantification of WE Isomers in Human Meibum
In addition to the interferences that have been accounted for with the two corrections discussed above, there were also three other interference sources including: (1) the diagnostic product ions of mono-and di-unsaturated WE are interfered with by the corresponding di-and tri-unsaturated WE of the same FA/FAl composition differing only in double bond number (e.g., [ + from FA18:2/ FAl26:0); and (3) the diagnostic product ions of WE interfered with by product ions from related cholesteryl esters (CE). However, all these interferences were negligible in the scope of this work and a detailed discussion concerning why follows.
The first interference occurred between the monoisotopic peaks of diagnostic product ions from mono-and Fig. 5 The relative abundance of the major fatty alcohol components in human meibum wax esters as determined by: a non-targeted analysis of intact wax esters in this study; b analysis of fatty alcohols in wax esters after saponification by Nicolaides et al. [8] . The data in b was summed from the percentages of WE with the same fatty alcohol elementary composition including normal, iso-and anteiso-as well as differing double bond positions. The composition shown in b was determined after saponification while data presented in a was determined from intact WE di-unsaturated WE (P mu, m and P du, m ) and the third isotopic peaks of the corresponding product ions of di-and tri-unsaturated WE (P du, m+2 and P tu, m+2 ) resulting from overlapping of their precursor ions (mono-isotopic peak of mono-or di-unsaturated WE, M mu, m and M du, m , and the third isotopic peak of the corresponding di-or triunsaturated WE, M du, m+2 and M tu, m+2 ). This interference was negligible because ion intensity decreases with isotopic peak number while the intensities of WE containing the same total number of carbon atoms in human meibum decrease as unsaturation increases. For example, the intensity of a di-unsaturated WE peak (M du, m ) is typically less than 60 % of the corresponding monounsaturated WE peak (M mu,m ) [3] . Additionally, the theoretical intensity of the third isotopic peak M du,m+2 is only ~8-15 % of the monoisotopic peak M du,m and the intensity of the third isotopic peak for the major corresponding diagnostic product ion (e.g., [C 17 H 33 COOH 2 ] + ) P du, m+2 is only ~2 % of the corresponding monoisotopic peak P du, m . As a result, overlapping from the product ion P du, m+2 with P mu, m only accounted for approximately 1 % of the peak intensity and was thus negligible in this work.
The second negligible interference occurred between the diagnostic product ions of one isomer with those of another isomer differing only in the saturation level of the FA and FAl components. The corresponding isomeric precursor ions for the overlapping peaks were typically di-or polyunsaturated WE differing only in one or more double bond locations. For instance, WE18:2/26:0 (M 1 ) and WE18:1/26:1 (M 2 ) are both isomers of WE44:2 and were detected as one single peak in MS; dissociation of this peak resulted in overlapping protonated product ion FA18:2 (P 1 ) and FA18:1 (P 2 ) peaks. This interference was also negligible because ion intensity decreases with isotopic peak number while decreases with degree of FA unsaturation for these WE in meibum. When M 1 and M 2 were of approximately the same intensity, the overlapping that occurred to P 2, m from P 1, m+2 corresponded to approximately only 2 % of the intensity of the P 2, m peak. Moreover, this interference is even less because differences exist in relative abundance of WE, e.g., in human meibum, the abundance of FA18:2-based WE is much lower than the corresponding FA18:1-based isomers and therefore its influence on the intensity of protonated FA18:1 is typically negligible. The third negligible interference occurred to the diagnostic product ions of WE from product ions of CE. Among the tandem mass spectra of 23 groups of isomeric ions, only two of them showed relatively high intensity product ions m/z 369.34 characteristic of CE. These two groups of WE correspond to WE 46:1 and WE 44:0 (Fig. 2) , whose precursor ions overlapped with those of CE20:3 and CE18:2, respectively, with all these precursor ions being ammoniated adducts. However, dissociation of ammoniated CE generated only one dominant m/z 369.34 product ion and all the other product ions including those that might overlap with the diagnostic product ions of WE were negligible (see Fig. 2a for an example).
Additional potential interfere from other types of lipids such as phospholipids and triacylglycerols was negligible due to their much lower intensity and different m/z range. WE account for 40-50 % of total meibum lipids [2] [3] [4] [5] . In contrast, very tiny amount of phospholipids in meibum are reported in the literature, including 18 ± 5 ppm (18 ± 5 ng/ mg of meibum), [21] 0.006 ± 0.003 % [6] or 0.6 % [5] . The amount of triacylglycerols in meibum is higher than phospholipids, however, still less than 4 % of total meibum lipids [4, 6, 7, 11] ; in addition, the typical m/z range for triacylglycerols in meibum is 790-930, which is significantly different from the range of 590-750 discussed here for WE.
Distribution of WE Molecular Species in Human Meibum
Quantification of intact WE, including isomeric species, in a complex mixture such as meibum is challenging. There is no efficient chromatographic method capable of separating isomeric WE as their hydrophobicity differences are subtle [3] . Additionally, the ionization efficiency of each individual species often differs [22] and it is difficult to accurately correct for changes in ionization efficiency without using corresponding lipid standards. Published studies indicate that MS and MS/MS-based quantitative analysis of lipids is typically influenced by carbon chain length and saturation degree [23, 24] , where differences in efficiencies of ionization and dissociation (for precursor ions scan, neutral loss scan, multiple reaction monitoring) may both have played roles in the quantification results obtained in those studies. Moreover, the constantly changing mobile phase composition over time and co-elution from the column during gradient LC-MS, can also affect ionization efficiency [25] . Isocratic LC avoids the mobile phase composition change; nonetheless, it is less frequently used for separation and the composition of the analytes eluted from the column still change with time. Therefore, one or more internal standards for each class of lipids are used to normalize the ionization and dissociation efficiencies; however, the limited number of standards available compared to the lipids of interest and the varying behavior between the standards and the sample lipids complicates efforts to obtain accurate quantification of meibum lipids.
Recently, we managed to quantify many more WE species (along with CE and diesters) using direct injection MS and only a limited number of standards [3] . Quantification in that work was based on peaks of accurate masses detected in single stage MS (not involving intended dissociation) with negligible in-source dissociation. Therefore, variation in quantification results due to dissociation efficiency (as mentioned above) was avoided. Additionally, ionization efficiency variation between the WE species due to solvent composition was minimized by directly infusing the samples into the MS without front-end HPLC separation. Moreover, the experimental conditions and instrument parameters were adjusted so that the ionization efficiencies of meibum lipids was only dependent on the saturation level and lipid class while remaining independent of carbon chain length, thus minimizing the number of standards required to correct for the different ionization efficiencies of meibum lipids [3] . It is interesting that the variation of abundance of each peak of WE (along with CE and diesters) between different samples is very small suggesting an almost constant composition of the lipids in normal meibum samples [3] . However, one limitation of that work was that quantitative information for the different isomers of lipid species at each m/z was not obtained. In this work, we combined quantitative information from that study [3] and the newly acquired MS/MS spectra of individual WE peaks of two samples to obtain in-depth profiling of meibum WE.
One of the major functions of meibum is evaporation resistance. Very long chain saturated FA and FAl have been reported to demonstrate high evaporation resistance; [26, 27] however, these very long chain FA and FAl also have low fluidity [28] . The composition of WE in human meibum (Table 4 ) appeared to combine these two apparent contradictory features that are important for the normal function of the TFLL: [29] high evaporation resistance due to very long to ultra-long saturated carbon chains in the FAl components [26, 27] and high fluidity (lower phase transition temperature) due to unsaturation [30, 31] and odd chain [32] in the FA components. A high percentage (78.9 %) of FAl components in the total WE were saturated, thus conferring evaporation resistance to the TFLL (Tables 4, 6 ); while 79.2 % of these FAl components (or 62.5 % in total WE) were esterified to an unsaturated FA component (Table 4) , which decreased the melting point and increased meibum fluidity [30, 33] . In addition, most of the rest 21.1 % of FA components were either of odd chain or esterified to an odd chain FA component (Table 4) , which also decreased the melting point [32] . The only outliers of WE containing even chain saturated both FA and FAl components [8] , which also decreased the melting point of esters of FA [34, 35] . Furthermore, di-and polyunsaturated WE account for greater than 24.7 % of meibum WE (Table 4) ; these di-and polyunsaturated WE have considerably lower melting points than saturated WE [30, 33] , and contribute to the fluidity of meibum by further lowering its melting point [36] .
To the best of our knowledge, there is only one previous study reporting the quantitation of intact WE that included identification/quantification of the different isomeric species in meibum [6] . In that work, Brown et al. used the multiple-reaction monitoring (MRM) method with predefined transitions (a series of precursor and product ion pairs) to detect/quantify WE [12, 22] . However, only WE with one of 4 FA components (FA18:1, FA16:1, FA17:0 and FA16:0) and one of the 9 saturated FAl components (FAl 21:0 through FAl 29:0), corresponding to a total of only 36 species, were considered; therefore, that study did not provide a comprehensive picture of the composition of WE in human meibum. In contrast, 92 WE species were analyzed in the present work with each containing one out of the 15 FA components and one out of 20 FAl components.
No comprehensive study of WE composition of human meibum was available for direct comparison with our work. However, Nicolaides et al. extensively separately studied FA and FAl compositions of WE in human meibum after saponification and derivation in their classic work [8] . The same sets of information can be compiled from the present study. The comparison shows a close resemblance between the two studies and supports the validity of our method to quantify isomeric composition and in-depth quantification of intact WE in human meibum. See the following discussion for more details.
FA Composition of WE in Human Meibum
The percentage of each type of FA component (differing number of carbons and double bonds) was determined (Table 5 ) from the quantified 92 WE ( Table 3 ). The top four most abundant FA components for these WE were either unsaturated (C18:1, C16:1, C18:2) or of odd chain (C17:0), corresponding to approximately 90 % of the total FA components (Fig. 4a) . The percentages of saturated, mono-, di-and polyunsaturated FA components were 18.4, 74.7, 6.2, and 0.8 %, respectively; of the 18.4 % of saturated FA components, 64.7 % were of odd chain ( Table 5 ). The high percentage of unsaturated [30, 33] or odd chain [32] FA components may contribute to the fluidity of meibum by lowering the melting point of the WE.
The profile of FA components in meibum we obtained is very similar to an early study by Nicolaides et al. (Fig. 4b) , which was based on a series of time-consuming steps including thin layer chromatography pre-fractionation, hydrolysis, derivatization, and detection by gas chromatography-flame ionization detection [8] . The most abundant five FA components they identified (summed from those of different types of FA including with normal, iso, and anteiso branched chain and with different double bond positions) were C18:1, C16:1, C17:0, C16:0 and C18:2, corresponding to a total of 88.73 % of meibum WE (Fig. 4 ) [8] . These top five (with very similar percentages) were the same as our findings except that the order of the last two was switched. The percentage of C18:2 was lower in their work, likely due to the lower volatility of polyunsaturated FA derivatives and thus increased difficulty in detection by GC. Note the data in that work was mass%. However, in our present study, the mass% and mol% were quite close (Table 8 ). Compared to this early study, our method offers the advantage that information on intact WE, i.e., how FA and FAl components were combined, was obtained.
In another related study by Brown et al. as mentioned above, only WE with the combination of one of four FA components (FA18:1, FA16:1, FA17:0 and FA16:0) and one of the nine saturated FAl components were considered [6] . With only four FA components considered, a comprehensive picture of the composition of WE in human meibum is not possible. In addition, of the only four FA components considered, FA 16:1 was much more abundant in their study (20.7 %) compared to the work of Nicolaides et al. (11. 66 %) and our work (11.0 %). The significant difference observed in the percentage of FA 16:1 may be due to more interference to detection of FA 16:1-based WE from impurity peaks, background peaks and unusual peaks such as neutral molecule adducts with use of the MRM method in that work [13] .
In contrast to the above-discussed studies (Nicolaides et al. [8] , Brown et al. [6] , and the present work), Butovich et al. did not report the percentages of the FA components directly, rather they reported the percentages of unsaturated and saturated FA components separately [2] . C18:1 and C16:1 were the only two unsaturated FA components, corresponding to 90 and 10 %, respectively; while C16:0, C17:0, C18:0 and C19:0, were the only four saturated FA components, corresponding to 24, 62, 11 and 3 %, respectively (these percentages were the values in the main text; different values were reported in the abstract) [2] . Several issues related to that work [2] which used GC-MS to quantify WE were discussed previously, including overfitting, inability to detect polyunsaturated WE, and potential decomposition/isomerization [3] . In comparison, our work identified/quantified seven unsaturated FA components including (in order of from high to low abundance) C18:1 (75.3 %), C16:1 (13.5 %), C18:2 (7.5 %), C17:1 (2.0 %), 18:3 (0.9 %), 20:1 (0.8 %) and 16:2 (0.1 %); while eight saturated FA components were identified/quantified, including (in order of from high to low abundance) C17:0 (58.6 %), C16:0 (26.0 %), C18:0 (7.6 %), C15:0 (4.8 %), C19:0 (1.3 %), 14:0 (1.1 %), 20:0 (0.3 %), and 13:0 (0.2 %). The numbers in the parentheses are the percentages of total amount of unsaturated and saturated FA, respectively.
FAl Composition of WE in Human Meibum
The four most abundant FAl components in human meibum were saturated and included C26:0, C24:0, C25:0, and C27:0, corresponding to a total of 67.7 %; followed by four monounsaturated FAl components including C26:1, C24:1, C30:1 and C28:1, corresponding to a total of 18.6 % ( Fig. 5a ; Table 6 ). These top 8 FAl components corresponded to a total of 86.3 %. The overall percentage of saturated, monounsaturated, and di-unsaturated FAl components in meibum WE were 78.9, 20.7, and 0.4 %, respectively; of the saturated FAl components, 33.6 % were of odd chain (Table 6 ). The abundance of odd chain FAl components decreased the melting point [32] while maintaining high evaporation resistance [37] .
Nicolaides et al. obtained similar results reporting the same eight most abundant FAl components and in the same order including C26:0, C24:0, C25:0, C27:0, C26:1, C24:1, 30:1 and 28:1, corresponding to a total of 84.6 % (Fig. 5b) [8] . Similar percentages of saturated (77.02 %) and monounsaturated (22.00 %) FAl components were also reported in that work [8] . 34 .0 % of the saturated FAl components determined in that work was of odd chain (ranging from C19 to C27, with the total amount corresponding to 26.17 %) [8] , which support our current finding that 33.6 % of the saturated FAls was of odd chain. Note the data in that work was mass%. However, in our present study, the mass% and mol% were quite close (Table 8) .
In contrast to the studies by our group and Nicolaides et al., the percentages of only 9 FAl components in WE was determined by Brown et al. [6] . Additionally, their study did not consider unsaturated FAl components, which prevented a comprehensive picture of the composition of WE in human meibum. 
Conclusions
The work we present here increases our knowledge of the WE constituents of human meibum and their abundance. The structure of the TFLL, which is crucial for understanding the etiology of dry eye disease, is still unknown. However, the major WE molecular components of the human meibum WE quantified in this work suggests that a combination of an appropriate ratio of saturation and unsaturation in the FA/FAl components of WE are important factors for the fluidity and evaporation resistance functions of the TFLL. In-depth comparison of the WE profiles of meibum samples between normal and dry eye subjects will provide insight into the mechanisms of dry eye disease; this work is ongoing in our research group.
